Abstract. Modern age exposes humans to an increasing level of electromagnetic activity in their environment due to overhead power lines and transformers around residential areas. Studies have shown that treatment with antioxidants can suppress the oxidative damage induced by electromagnetic fields in various frequencies of the non-ionizing radiation band. In this study, we detected protein carbonyl content (PCO), advanced oxidation protein products (AOPP) in liver and 3-nitrotyrosine (3-NT) levels in plasma of guinea pigs in order to investigate the effects of N-acetyl-L-cysteine (NAC) administration on oxidative protein damage induced by power frequency electric (E) field (50 Hz, 12 kV/m, 7 days/ 8 h/day). We also analyzed hepatic hydroxyproline level to study protein synthesis. According to the findings of the present study, no statistically significant changes occurred in PCO, AOPP and 3-NT levels of the guinea pigs that were exposed to the E field with respect to the control group. However, liver hydroxyproline level was significantly diminished in the E field exposure group compared to the control and PCO, hydroxyproline and 3-NT levels changed significantly in the NAC-administrated groups.
Protein oxidation under extremely low frequency electric field in guinea pigs. Effect of N-acetyl-L-cysteine treatment Introduction
Due to increasing use of electricity in modern society, nonionizing electromagnetic field (EMF) sources, such as power lines and other extremely low frequency (ELF) sources are becoming ubiquitous and indispensable components of the spectrum of the human environment. In a comparison of all electrical technologies, power lines contribute strikingly high proportions to the composition of environmental EMF. For instance, the electric (E) field level ranges from 1 kV/m at maximum height (20 m) to as much as 12 kV/m at minimal cord height (13 m) for a power line of 750 kV (Grandolfo and Vecchia 1985) .
During last quarter of the twentieth century, public and scientific interest focused on possible risks on biological systems related to ELF EMF exposure that result from sources such as power lines. Studies of EMF exposure on cells have determined that some macromolecules are susceptible to EMF and may differentiate their activities within cells upon frequency, strength and duration of EMF exposure (Blank 1995) .
It is well established that secondary chemical messengers, namely free radicals, function in the induction of the cellular responses upon EMF exposure. Therefore, several investigations were performed on free radical production and antioxidant system of the tissues and blood samples under the effects of magnetic fields (Lupke et al. 2004; Zmyslony et al. 2004; Bediz et al. 2006; Simko et al. 2006 ) and E fields (Harakawa et al. 2005; Güler et al. 2006 , Güler et al. 2007 ). Free radicals target structural molecules such as lipids, proteins and nucleic acids. Proteins and amino acids are defined as major targets for free radical attacks and oxidative damage since they constitute a large proportion of cell and tissue composition (Stadtman and Levine 2003; Cumaoglu et al. 2007 ). Due to its charged structure, collagen has been frequently studied under EMF (Seyhan and Canseven 2006; Seyhan and Güler 2006) , since it can be directed trough applied E field (Marino et al. 1983) . In order to determine their protectiveness against oxidative damage induced by EMF exposure, investigations under EMF in various frequencies of non-ionizing radiation band have included studies of the antioxidants such as vitamin C and E (Oral et al. 2006) , caffeic acid phenethyl ester and melatonin (Oktem et al. 2005; Ozguner et al. 2005a Ozguner et al. ,b, 2006 and ginkgo biloba (Ilhan et al. 2004 ) treated as nutrition.
Oxidative damage often induces loss of specific protein functions involved in the regulation of cell structure, signaling and various enzymatic processes of the cell such as metabolism. Free radical attacks on proteins can covalently modify amino acid residues resulting in the formation of a variety of intermediates and products, such as protein carbonyl content (PCO), advanced oxidation protein products (AOPP) and 3-nitrotyrosine (3-NT, tyrosine nitration). Oxidation by reactive oxygen species (ROS) produces carbonyl groups (aldehydes and ketones) on amino acid side chains, especially of proline, arginine, lysine and threonine. The usage of PCOs as a marker provides some advantages due to their early formation and their relative stability compared to the other oxidation products. Oxidized proteins are degraded by cells within hours and days while lipid peroxidation products are removed within minutes (DalleDonne et al. 2003) . Various investigators (Alderman et al. 2002; Cakatay et al. 2003) have focused their attention to the AOPP that are formed during oxidative stress by the action of chlorinated oxidants, mainly hypochlorous acid and chloramines (produced by myeloperoxidase in activated neutrophiles) (Pan et al. 2008) . AOPP are also defined as dityrosines containing cross-linked protein products, which are considered reliable markers for estimating the degree of oxidant-mediated protein damage (Alderman et al. 2002) . In addition to ROS-mediated protein modification, reactive nitrogen species (RNS) derived from nitric oxide (NO) can also alter protein function, protein turn-over and influence immune responses leading to protein modifications (Zobalı et al. 2001) . Tyrosine nitrosylation, which reflects nitrosative stress, leads to protein damage through another molecular mechanism.
Combination of superoxide anion (O 2 -) and NO generates peroxynitrite (ONOO -), which is a cytotoxic species implicated in both the origin and the progression of protein oxidation (Stadtman and Levine 2000) . ONOO -attack on proteins causes nitration of the ortho position of tyrosine leading to the production of 3-NT, which has been considered a specific marker for the detection of protein damage mediated by ONOO -in vivo (Halliwell 1997) .
As a novel approach, we investigated attacks of free radicals on proteins by means of detecting PCO, AOPP, and 3-NT under the effect of 50 Hz E fields. Concurrent with the application of E field, we also administered N-acetyl-Lcysteine (NAC), a popular antioxidant and a scavenger of oxygen-derived free radicals, in order to explain if it acts as antioxidant, reduce oxidative damage or as pro-oxidant in tissue medium.
In this study, we investigated the effects of 50 Hz 12 kV/m E fields on hepatic carbonyl and AOPP levels, as well as the 3-NT level of the plasma alongside the administration of NAC. We also assessed the hydroxyproline level in liver homogenates so that we could estimate the difference that occurs in collagen levels after the application of both E field and NAC.
Materials and Methods

Animals
The experimental protocol was reviewed and approved by the Laboratory Animal Care Committee of Gazi University. All the animal procedures were performed in accordance with the approved protocol. A total of eighty old male guinea pigs (approximately 14 week), weighing 250-300 g, were obtained from Dr. Refik Saydam Hygiene Center (Turkey). The animals were adapted for 2 weeks to the laboratory conditions before the experiment.
Since placing more than one animal in a cage would create a stress factor, a single animal was placed in each cage during each E field exposure period. All the animals were kept at room temperature (23°C) and a relative humidity was 50%, their day and night cycle was set up as 12 h and they were fed ad libitum on a standard lab chow and carrot.
E field exposure system
E fields were applied to guinea pigs in wooden cages with dimensions of 80 × 80 × 18 cm. For vertical field exposure circuit copper plates were mounted on the top and the bottom faces of the cages. The copper plate spacing was 18 cm and the dimensions of the plates were 80 × 80 × 0.2 cm. The positive terminal of the power supply was always connected to the upper plate and the negative terminal to the lower plate. Electric potentials were applied to the copper plates mounted on the wooden boxes to produce 50 Hz E fields with a magnitude of 12 kV/m. The arrangement was chosen for keeping the distance between the copper plates small with respect to their dimensions in order to generate homogeneous E field in the exposure space. The magnitude of the E field in the cages of guinea pigs was determined not only by theoretical calculation, but also by measurements using a NARDA EFA-300 E field probe ( Figure 1 ).
Experimental design
A total of forty male guinea pigs were randomly divided into four groups composed of 10 guinea pigs each for groups.
Group I (control): 1 ml isotonic saline solution was injected intraperitoneally (i.p.) in order to prevent the occurrence of stress from injection daily for seven consecutive days and each guinea pigs was kept in a plexiglass cage under experimental setup, but E field exposure device was off.
Group II (E field exposure): guinea pigs exposed to E field were injected 1 ml isotonic saline solution i.p. 30 min before the daily exposure period for seven consecutive days.
Group III (NAC): NAC (300 mg/kg) was injected i.p. into the right extremity of animals daily for seven consecutive days and guinea pigs were kept in plexiglass cage under experimental setup, but E field exposure device was off.
Group IV (NAC + E field exposure): the guinea pigs were exposed to E field, for seven consecutive days and NAC (300 mg/kg) was injected i.p. daily into the right extremity of the guinea pigs for 30 min before E field exposure.
One week exposure period for 8 h daily was conducted for each exposure group (Group II and Group IV). The E field exposure period was from 9 a.m. to 5 p.m. After the last exposure day, the guinea pigs were anesthetized by the injection of ketamine (40 mg/kg administered intramuscular, i.m.) and xylazine (10 mg/kg administered i.m.). The guinea pigs were killed by decapitation. Afterwards, liver tissues were obtained very quickly for biochemical analysis; the specimens were washed out from contaminating blood with ice-cold saline buffer, and stored at -85°C.
Determination of hydroxyproline levels in liver tissue
Method known as "ISO 3496" (1997, Meat and Meat Products -Determination of Hydroxyproline Content, International Organization for Standardization) involves getting the hydroxyproline of the hydrolysis of the sample after homogenization (Disperser T10 basic D-79219; IKA-WERKE, GmbH, Staufer) and measuring the optical density of the color formed by the addition of sulphuric acid at pH 6.6 and wavelength λ = 558 nm (UV-1601 Shimadzu spectrophotometer; Kyoto, Japan). Hydroxyproline contents of the tissue samples were determined using the standard curves for samples containing known concentrations of hydroxyproline (H-1637 product, Sigma). Two samples were taken from each homogenized tissue, and the concentrations measured by spectrometry were averaged.
Determination of PCO levels in liver tissue
We followed the method described by Levine et al. (1990) with slight modifications. Briefly, 1 ml of liver homogenates were divided equally, namely 50% of homogenates separated into one tube as "test" and another tube as "control". Protein in the liver tissues was precipitated by the addition of 20% trichloracetic acid (TCA) (w/v). Precipitated protein was collected by centrifugation at 3000 × g (Mikro 22/22R; Hettich-Zentrifugen GmbH&Co., Tuttlingen, Germany). The supernatant was carefully aspirated and discarded. 0.5 ml of 10 mmol/l 2.4-dinitrophenylhydrazine (DNPH) prepared in 2.5 mol/l hydrochloric acid (HCl) was added to the test sample and 0.5 ml of 2.5 mol/l HCl alone was added to the control sample. The contents were mixed thoroughly and incubated in the dark at room temperature for 1 h. The tubes were shaken intermittently every 10 min. Then 0.5 ml of 20% TCA (w/v) was added to both tubes and the mixture. The tubes were then centrifuged at 11,000 × g for 3 min to obtain the protein pellet. The supernatant was carefully aspirated and discarded. Finally the precipitates were washed three times with 1 ml of ethanol : ethyl acetate (1 : 1, v/v) to remove unreacted DNPH and lipid remnants. The final protein pellet was dissolved in 0.6 ml of 6 mol/l guanidine hydrochloride and incubated at 37°C for 10 min. Guanidine was adjusted to pH 2.3 with HCl instead of trifluoroacetic acid used by Levine et al. (1990) and this constituted the slight modification previously mentioned. The insoluble materials were removed by centrifugation at 4000 × g. Carbonyl content was determined by taking the spectra of the representative samples at 355-390 nm. Each sample was red against the control sample (treated with 2.5 mol/l HCl). The carbonyl content was calculated from peak absorption (370 nm) using an absorption coefficient of 22,000 (mol/l) −1 ·cm −1 . PCO was expressed as nanomole per milligram of protein. The protein content was determined by the method of Lowry et al. (1951) using bovine serum albumin as standard. Protein levels in the samples were prepared in a concentration of 1 mg/ml. As the samples were 0.5 ml, results were obtained by multiplying the data by two.
Determination of AOPP levels in liver tissue
Spectrophotometric determination of AOPP levels was performed by modification of Witko's method (Witko et al. 1992) . Samples were prepared in the following way: 400 μl of sample was added to one of the tubes, while the other tube contained only 400 μl of phosphate buffer saline (PBS) solution (reagent blank). Each tube was treated with 1600 μl of PBS solution. Hundred microliters of 1.16 mol/l potassium iodide was then added to each tube, 2 min later followed by 200 μl of acetic acid. The absorbance of the reaction mixture was immediately read at 340 nm against a blank containing 2000 μl of PBS, 100 μl of potassium iodide and 200 μl of acetic acid. Concentrations of AOPP were calculated by using the extinction coefficient of 26l mmol -1 cm -1 .
Determination of 3-NT levels in plasma
Concentration of 3-NT was determined using commercially available enzyme-linked immunoassay (ELISA) kit from Oxiss International Inc. (USA). The calibration curve was approximately linear in the range of 2.1-1500 nmol/l when plotted on a log-linear basis. For the ELISA assay, an ELX800 absorbance microplate reader from Bio-Tek Instruments Inc.
(USA) was used.
Statistical analysis
Statistical analyses were carried out using SPSS software (version 11.5 for Windows; SPSS Inc., Chicago, USA). The one-way analysis of variance (ANOVA, Bonferonni) and post hoc multiple comparison tests, Least significant difference t test (LSD) were performed on the data of biochemical variables to examine the difference among groups. A p-value of <0.05 was considered as statistically significant. All data were expressed as mean ± SEM.
Results
The results and assessment of significance are illustrated in Significant changes were observed in 3-NT levels in NACadministrated groups (Group III) with respect to Group I (Figure 4) .
PCO, hydroxyproline and 3-NT levels were significantly changed in Group II with respect to Group III (Figures 2,  4 and 5).
Differences in hydroxyproline and 3-NT levels between Group II and NAC-administrated E field exposed group (Group IV) were significant (Figures 4 and 5) . Moreover, significant differences in AOPP, PCO and 3-NT levels were observed between Group III and Group IV (Figures 2, 3 and 4).
Discussion
For many years, effects of ELF EMF have been a subject of intensive theoretical and experimental studies (Knave 2001; Hardell and Sage 2008) . Wertheimer and Leeper (1979) performed the first study that found the association between childhood leukemia and residential ELF magnetic fields resulted by power lines. This link, subsequently confirmed by a number of epidemiological studies led to the classification of ELF magnetic fields by the International Agency for Research on Cancer (see in References: WHO IARC 2002) as a "possible human carcinogen". Moreover, experimental studies have reported on biological and health consequences of exposure to E fields in different directions, strengths and periods in the range of several kilovolts per milliseconds that power lines impose on people in nearby residential areas (Grandolfo and Vecchia 1985; Güler et al. 2006) . A line of charges (e.g. a power line) produces an E field around the line in a pattern of cylindrical symmetry. The overall pattern of E field experienced at any point thus depends on the distribution of charges and of objects in the vicinity. For this reason, scientists are curious about the possible effects of the E fields in vertical and horizontal direction particularly on the body weight, mortality and blood protein fraction (Marino et al. 1976; 1983) beside oxidative stress (Güler et al. 2005 Harakawa et al. 2005 ) and collagen biosynthesis (Marino and Becker 1970; Ahmadian et al. 2006) .
Collagen, a significant and abundant protein, provides the framework for parenchymal organs such as the liver, kidney, and spleen, either in its fibrous form or organized in basement membranes (Ramachandran 1967) . It is known that hepatic stellate cells are the main sources of collagen and other extracellular matrix proteins that ultimately lead to hepatic fibrosis and cirrhosis. Additionally, ROS enhance stellate cell activation and stimulate fibrogenesis (Nieto et al. 1999) . According to studies, oxidation products such as lipid peroxidation products can stimulate α collagen expression and collagen synthesis by stellate cells in culture (Chojkier et al. 1989; Maher et al. 1994) . ROS can be generated by increased nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidase, which produces O 2 -from oxygen (O 2 ). NAD(P)H oxidase is present in both parenchimal and non-parenchimal liver cells. Several studies indicate that NO also inhibits collagen formation as a regulatory function in many physiological processes including gene expression (Novitskiy et al. 2006) .
Cell proliferation and cell migration represent important early events of angiogenesis, which involve the reorganization of actin into stress fibres and long filaments (Ridley and Hall 1992; Lauffenberg and Horwitz 1996) . The effects induced by EMFs on cellular systems also include possible rearrangements of actin filaments, which take place near the membrane structure (Bersani et al. 1997; Gartzke and Lange 2002; Manni et al. 2002) . Furthermore, Delle Monache et al. (2008) reported that some important functions of human microvascular endothelial cells, like proliferation, migration and tube formation are increased under the influence of a sinusoidal EMF. In addition to this, wound healing induced by the endogenous E field generated near skin wounds can serve as an example of cell migration (Ciombor and Aaron 2005; Nuccitelli et al. 2008 ). E field and EMF regulate the expression of genes in connective tissue cells for extra-cellular matrix proteins (Ciombor and Aaron 2005) .
Protein damages and destructions are believed to be related to oxidative stress, mediated by ROS (Oliver et al. 1987; Sevier and Kaiser 2006; Mori et al. 2007) . With the catalytic action of transition metals (iron and copper) that is bound to appropriate sites of proteins, highly reactive hydroxyl radicals (OH) are generated and can modify nearby amino acids residues including cysteines, methionine, tryptophan, arginine, lysine, proline and histidine (Davies et al. 1987) . Protein carbonylation is the result of secondary reactions of amino groups of these amino acid residues with other reactive oxidation products such as lipid peroxidation products (Barreiro et al. 2005) . Ferreira et al. (2006a,b) has studied the effects of EMF on protein carbonyl groups from this point of view. However, they reported that protein carbonyl levels did not change after exposure to high frequency (800-1800 MHz) radiation.
Biochemical characterization has revealed that AOPP are carried by plasma proteins, especially albumin. AOPP can be formed in vitro by exposure of serum albumin to hypochlorous acid. In vivo, plasma concentration of AOPP closely correlates to the levels of dityrosine, a hallmark of oxidized protein, and pentosidine, a marker of protein glycoxidation tightly related to oxidative stress. Thus, AOPP can be formed during oxidative stress by reaction of plasma proteins with chlorinated oxidants, and they have been considered as novel markers of oxidant-mediated protein damage (Liu et al. 2006) . AOPP were proposed as one of the possible markers of oxidative injury, which originates under oxidative and carbonyl stress and increases global inflammatory activity. Moreover, ONOO -is a powerful oxidant agent formed by the diffusion-limited reaction between NO and O 2 -. At physiological pH, ONOO -is capable of reacting easily with a number of molecules, such as proteins, lipids, nitrate free tyrosine and tyrosine residues in proteins to form 3-NT, which is a stable product that provides ONOO --mediated tissue damage (Gow et al. 2004 ).
In conclusion, the power frequency E field did not produce a statistically significant change in the levels of PCO and AOPP of liver, also plasma level of 3-NT with respect to the control. However, it is found that hydroxyproline levels are statistically increased under the effect of ELF E field. These results may be caused by the fact that ELF E field may affect the early formation of stable oxidized protein, changing the direction of the formation reaction of oxidized proteins or leading to structural damage in protein synthesis although no statistically significant change was observed in the levels of PCO and AOPP. These suggestions have been verified by the study on the inhibition effect of ELF E fields on protein synthesis . Güler and co-workers investigated the changes of hydroxyproline levels in various tissues (liver, lung and kidney) via different intensities (0.9 and 1.9 kV/m) and alternative directions (vertical and horizontal). Exposure periods were 9 h/day for 3 days. They found both increased and decreased hydroxyproline levels due to the changes of the molecular oxygen concentration within tissues. Molecular oxygen could be converted to free radicals by the energy transfer from the E field to exposed tissues. Thus, the increased amounts of E field induced free radicals can lead to a decrease in the amount of the molecular oxygen needed in hydroxyproline formation in tissues.
Although protein oxidative damage in blood and liver tissue after ELF E fields has not been investigated so far, some researchers have studied high frequency radiation effects on protein oxidation. It has been shown that exposure to low durations of microwave increases 3-NT accumulation in several tissues (Kalns et al. 2000) . The enhanced formation of O 2 -and NO from tissue by the action of UV light has been proposed, and 3-NT levels have been demonstrated to elevate after consecutive UV light exposure in tissues (Büyükafşar et al. 2003; Cejková et al. 2005) .
Our results also showed that statistical differences existed between Group IV (and Group II in plasma 3-NT levels. It may be explained by the pro-oxidative effect of NAC as reported previously by Solov' eva et al. (2007) . NAC, an antioxidant and inhibitor of inducible NO synthase, has been previously demonstrated to not only restore the antioxidant capacity but also to reduce the expression of inducible NO synthase and nitrotyrosine and to normalize the expression of endothelial NO synthase in heart and superior mesenteric arteries (Nagareddy et al. 2006) . Also, Reale et al. (2006) reported that EMF may regulate the reaction, which is mediated by NO as a secondary messenger.
It is the first study to investigate ELF E field effects on PCO, AOPP and 3-NT as well as the depressive impact of NAC treatment on these parameters under ELF E field exposure. In our further studies, we plan to investigate oxidative damages and antioxidant systems in all tissues under the application of both ELF E fields and radio frequency radiation to share with scientific community.
